The exchange coupling of a single spin localized at the central ion of Cu-tetraazaporphyrin on a magnetite(100) surface has been studied using x-ray magnetic circular dichroism (XMCD). Sum rule analysis of the XMCD spectra results in Cu spin and orbital magnetic moments as a function of the applied external field at low temperatures (20 K). The exchange coupling is positive for magnetization direction perpendicular to the surface (ferromagnetic) while it is negative for in-plane magnetization direction (antiferromagnetic). We attribute the anisotropy of the Heisenberg exchange coupling to an orbitally dependent exchange Hamiltonian. DOI: 10.1103/PhysRevLett.110.137202 PACS numbers: 75.70.Ài, 33.15.Kr, 75.30.Et, 78.70.Dm The Heisenberg exchange coupling is one of the most popular models for the description of the magnetic coupling on a quantum-mechanical basis. It is particularly important for molecular magnets where Heisenberg coupling shows a fascinatingly rich behavior [1, 2] , with potential applications as memory storage on the molecular level [3] , quantum calculators [4, 5] , and as building blocks of spintronic devices [6] .
The Heisenberg exchange coupling is one of the most popular models for the description of the magnetic coupling on a quantum-mechanical basis. It is particularly important for molecular magnets where Heisenberg coupling shows a fascinatingly rich behavior [1, 2] , with potential applications as memory storage on the molecular level [3] , quantum calculators [4, 5] , and as building blocks of spintronic devices [6] .
Usually the exchange coupling is described by a pure spin Hamiltonian with an isotropic exchange constant, depending on the distance of the coupled spins and on the contributing orbitals but not on the spin direction itself. Only very recently, a study of the exchange interaction in molecular magnets with unquenched orbital angular momenta describes the exchange interaction by an orbitally dependent exchange Hamiltonian, which is equivalent to an anisotropic Heisenberg exchange constant [1] . An anisotropic coupling of a single magnetic moment comprising a large orbital moment has been reported for Tb-phthalocyanine coupled to a ferromagnetic substrate [7] . Previous investigations of the exchange coupling between molecules and ferromagnetic surfaces [8] [9] [10] [11] [12] [13] revealed a rather strong coupling aligning the molecular spin either parallel or antiparallel to the ferromagnetic surface. The dependence of the coupling on the magnetization direction was explicitly studied by Wende et al. [14] for Fe-porphyrin on Ni(100) with the result of an isotropic interaction.
In this Letter, we investigate the angular dependence of the exchange coupling for a single molecular spin of an unpaired Cu d electron in Cu-tetraazaporphyrin with 8 4-tert-butylphenyl substituents (Cu4Dinit) to a ferrimagnetic magnetite surface. Porphyrins are important stable building blocks of molecules used as well in organic electronics and in biology. We have chosen Cu as the central metal atom because the single unoccupied d state provides the simplest model system, while multiple unpaired spins will likely show anisotropic coupling, too. The relatively large tert-butylphenyl substituents inhibit an additional intermolecular magnetic interaction that is unwanted in our case. In addition, they support a flat orientation of the molecule with the Cu spin in close contact with the surface.
The heterogeneous coupling of a paramagnetic spin to a strong ferromagnet with a coupling strength of the same order as the external field is an important precondition for an unambiguous determination of the directional dependence of the exchange coupling. We manipulate the magnetization direction of the magnetite film by a sufficiently large external field in a well-defined direction. Then, the magnitude of the induced paramagnetic Cu moment, as determined by element-specific magnetometry, measures the coupling strength as an additive effective field. For the investigated system we find a ferromagnetic coupling for perpendicular magnetization while it is antiferromagnetic for in-plane magnetization (see Fig. 1 ).
The samples were prepared by molecular beam epitaxy of Cu4Dinit on Fe 3 O 4 ð100Þ=MgOð100Þ films in ultrahigh vacuum. The coverage was 0:5 AE 0:2 monolayer (ML). X-ray magnetic circular dichroism (XMCD) measurements were carried out at IFP's soft x-ray beam line WERA at the Karlsruhe synchrotron light source ANKA, using the XMCD setup of the Max Planck Institute for Intelligent Systems, Stuttgart. X-ray absorption spectra (XAS) were determined from the total electron yield as measured by the sample current at a constant temperature of 20 K. A magnetic field of up to 4.5 T was applied parallel to the incident
photon beam with the sample normal oriented either parallel to the magnetic field or at an angle of 55 . The energy resolution of the x-ray monochromator was adjusted to 0.4 eV. The polarization degree is P ¼ 0:87 at the Cu L edge. Even after several days of absorption measurements we did not detect any changes of the spectra indicating that no radiation damage of the molecules occurred.
Figures 2 and 3 show XAS and XMCD spectra for the Cu4Dinit=Fe 3 O 4 monolayer measured with the circularly polarized photon beam parallel to the surface normal and at an angle of incidence of 55 . Data measured for a powder sample are shown for comparison. The background signal comprising transitions into continuous states and absorption at lower energy absorption edges has been subtracted.
For the polycrystalline Cu4Dinit powder the relative alignment of the molecule's symmetry axis and the x-ray beam is random. [15] According to previous results [16] [17] [18] [19] [20] obtained for Cu-phthalocyanine (CuPc), the XAS spectrum comprises two main peaks at the L 3 and L 2 edge, respectively. The two main peaks indicate transitions from the spin-orbit split 2p states into the single 3d hole with mainly d x 2 Ày 2 character. Two post-edge satellite peaks (labeled A1 and A2) show up at higher photon energies (3.5 and 7.3 eV above the main peaks).
The off-normal XAS data for the Cu4Dinit monolayer show similar features with slightly reduced satellite peaks. This is in contrast to a CuPc monolayer adsorbed on metallic Ag [21] where peaks A1 and A2 are completely quenched. With the radiation impinging at normal incidence, we observe considerably suppressed satellite peaks in comparison to the main line transition.
The origin of the satellite peaks has been assigned to transitions into e g ð Ã Þ states with d xz;yz character (A1) and a 1g ð3d z 2 Àr 2 Þ states (A2). [18] In Ref. [20] , satellites A1, A2 and also a third satellite at 11 eV above the edge are attributed to a combination of Cu 3d, 4s states and N 2p states. Charge transfer multiplet calculations [22] considering a weak charge transfer from the metal ion to the ligands also produce a satellite peak at 3. state is expected to be large when the electric field vector lies in the plane of the molecule, and to be small for the perpendicular direction. The opposite behavior is expected for the A1 satellite. Thus, the angular dependence of the XAS spectra indicates that the Cu4Dinit molecules are not randomly oriented. The decrease of the relative intensity of the A1 satellite and the main L 3 peak for normal incidence is consistent with a flat orientation of the molecules in agreement with CuPc on metallic Ag [21] and on high quality oxidic surfaces like TiO 2 ð110Þ [23] . Figure 4 visualizes the sum rule analysis that is applied to quantify the magnetic moment localized at the Cu ion. Figure 4(a) shows the 2p ! 3d XAS spectra I þ and I À for Cu in the Cu4Dinit monolayer as determined from data measured with the incident beam and external field direction oriented parallel to the film normal. Both spectra represent an average of a dozen spectra acquired with opposite magnetization and polarization directions. Figure 4(b) shows the corresponding XMCD spectrum I þ À I À and the integrated XMCD spectrum. Peaks with opposite signs in the XMCD spectrum at the L 3 and L 2 edges indicate that the total magnetic moment is dominated by the spin contribution. The spin and orbital momentum, spin and orb , projected on to the incident x-ray beam is calculated by [24] 
where A and B denote integrals of the XMCD spectrum at the L 3 and L 2 edges and I ISO corresponds to the isotropic energy-integrated XAS intensity, (I þ þ I À þ I 0 ), n h represents the number of d holes which is assumed as n h ¼ 1 for the present case, neglecting small deviations due to charge transfer or hybridization, and P is the degree of circular polarization. hTi is the magnetic dipole operator that measures the quadrupole moment of the spin operator. For the powder sample and measurements with the angle of incidence set to the magic angle ¼ 55 , the absorption intensity for linear polarization parallel to the magnetization, I 0 , is set to ðI þ þ I À Þ=2 and hTi is approximately zero even for the nonvanishing spin-orbit coupling for the magnetic field applied along 55 . In the case of normal incidence, I 0 vanishes for flatly adsorbed molecules. According to results for CuPc=Agð100Þ [21] the dipole operator is 7hTi B ¼ 1:88 spin and 7hTi B ¼ À0:95 spin for magnetization pointing normal and parallel to the surface, respectively.
Results from the sum rule analysis are summarized in Table I . For the powder sample we assume that a coupling between the molecular moments can be neglected as confirmed by standard magnetometry. Then, the thermal average of a magnetic moment T with total angular momentum j ¼ 1=2 is calculated by T = B ¼ tanhð B 0 H=k B TÞ, neglecting spin-orbit coupling. Thus, at T ¼ 20 K and external field 0 H ¼ 4:5 T we expect a value of T ¼ 0:15 B , in good agreement with the experimentally observed value.
For the experimental conditions of the XMCD experiment, the Brillouin function can be linearized, resulting in a magnetic susceptibility T = 0 ¼ 2 B =k B T. For the powder sample we find an experimental value T = 0 ¼ 0:0334 B T À1 . For the Cu4Dinit monolayer and ¼ 0 , one therefore expects an induced moment of sum ð; HÞ ¼ T H ¼ 0:040 B , which is considerably smaller than the observed value. We attribute the difference to an additional ferromagnetic coupling between the substrate magnetization and the molecular moment, which is described by an additive effective coupling field 
For an isotropic exchange coupling, one expects H c;? ¼H c;k and Eq. (3) would result in sum ¼ 0:22 B . Instead, we observe a much smaller value (0.13 B ) for the magnetic field applied along 55 . This smaller value can only be explained by a negative (antiferromagnetic) coupling field for the in-plane component, corresponding to 0 H c;k ¼ Àð2 AE 1Þ T, that partly compensates the positive (ferromagnetic) out-of-plane coupling field.
An alternative explanation for a negative coupling field could be a strong uniaxial magnetic anisotropy favoring the perpendicular magnetization direction. A perpendicular anisotropy is in accordance with the observed decrease of the orbital magnetic moment with increasing angle [26] , although it would be too small to explain our results. The decrease of the orbital moment with increasing angle was also observed for the related molecule Cu-phthalocyanine on Cu [21] , without a magnetic anisotropy. As pointed out in Ref. [21] , no single-ion magnetic anisotropy should exist for a pure S ¼ 1=2 system. Consequently, the orbital moment anisotropy was explained by a different admixture of excited states for in-plane and out-of-plane moments due to spin-orbit coupling instead of a magnetic anisotropy in the ground state. Therefore, we assume that the magnetic anisotropy can be neglected in our case.
In the remanent case the magnetic dipole operator is antiparallel to the spin moment and the effective spin moment is expected to be almost zero. This is confirmed by the sum rule analysis of the corresponding XMCD spectrum (see Fig. 5 ). The differential XMCD spectrum, however, does not vanish completely. The fact that the spectral features of the magnetic dipole term and of the spin moment may considerably differ and therefore do not cancel each other for in-plane magnetization was pointed out in Ref. [27] . We take the positive XMCD peak at the leading L 3 edge as a hint to an opposite direction of the Cu moment corresponding to an antiparallel coupling field in qualitative agreement with the previously determined negative value of the coupling field. The additional negative peak at the position of the A1 satellite might be attributed to a very strong hybridization of the Cu 3d xz;yz states with the adjacent orbitals in the case of planar magnetization. The increased lifetime broadening quenches these features at the L 2 edge.
The Hamiltonian describing a coupling depending on the spin direction can be written as
hi;ji ðS x;i S x;j þ S y;i S y;j Þ: (5) The spin of the Fe ion may be estimated as S j ¼ 2 and that of the Cu ion as S i ¼ 1=2. and J k ¼ À0:025 meV, which is considerably lower than the observed values. This rules out that the experimental result can simply be explained by dipolar coupling.
In summary, we demonstrate a strongly anisotropic exchange coupling possibly augmented by a dipolar component between the single unpaired spin of the central Cu(II) ion of a porphyrin molecule and the magnetite(100) surface. We propose that the anisotropic coupling results from the competition between ferromagnetic superexchange along Fe-N-Cu [14] and antiferromagnetic superexchange along Fe-O-Cu [11] with strength modified by the strong spin-orbit coupling [1] . The present experiment on a strongly heterogeneous system was designed to disentangle the anisotropic exchange coupling from crystalline magnetic anisotropy due to anisotropic bonding structures. Nevertheless, our results suggest that anisotropic exchange coupling may play an important role in many molecular magnetic systems, although it will often show up as an anisotropic magnetization behavior in homogeneous materials. For a dominant anisotropic coupling strength, the conventional Heisenberg model, usually used to describe exchange interaction in molecular magnets, becomes inapplicable. The interplay of the exchange interaction with the magnetization direction opens a new pathway to control the spin configuration in single molecular magnets.
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